Abstract. An optical architecture for updatable photorefractive polymerbased holographic displays via the direct fringe writing of computergenerated holograms is presented. In contrast to interference-based stereogram techniques for hologram exposure in photorefractive polymer (PRP) materials, the direct fringe writing architecture simplifies system design, reduces system footprint and cost, and offers greater affordances over the types of holographic images that can be recorded. This paper reviews motivations and goals for employing a direct fringe writing architecture for photorefractive holographic imagers, describes our implementation of direct fringe transfer, presents a phase-space analysis of the coherent imaging of fringe patterns from spatial light modulator to PRP, and presents resulting experimental holographic images on the PRP resulting from direct fringe transfer.
Introduction

Background and Motivation
Updatable, dynamic holographic displays have a wide variety of potential applications in consumer, medical, and military imaging contexts. Such displays are typically built around spatial light modulators (SLMs) that act to generate three-dimensional imagery via diffraction from dynamically updated computer-generated holograms. To date, achievement of the requisite space-bandwidth product needed for large area and large viewing angle in such a dynamic holographic display has proven difficult. 1 Photorefractive materials have been studied extensively, in the last several decades for their application in holographic recording, particularly in the domain of holographic data storage. 2, 3 Because of constraints on their surface area, most photorefractive materials have proven unsuitable for application in holographic displays. However, recent advances in photorefractive polymeric (PRP) materials have resulted in the development of a PRP with high sensitivity, fast write times, rapid erasure, and large area by researchers at Nitto Denko Technical Corporation. 4 This combination of properties has enabled the development of an updatable, PRP-based holographic display with large viewing area by researchers at the University of Arizona. 4, 5 In contrast to SLM-based dynamic holographic displays, PRP-based displays exploit the "optical memory" offered by PRPs which allows large-area holograms to be written serially over time and with persistence in the material for viewing at the completion of the writing process. Although not refreshable at video rates, these displays do allow for images to be refreshed as desired (up to a rate of 1∕2 Hz) and can mitigate some of the viewing angle and display area issues that hinder SLM-based holographic displays. 6 Current PRP-based holographic display systems employ the conventional holographic stereogram recording technique, which involves the optical interference of a hogelmodulated object beam with a mutually coherent reference beam. 1 While such an approach can offer a convincing threedimensional image, there exist some drawbacks inherent to the stereogram recording process, namely the lack of accommodation cues in the resulting 3-D images and the complexity of the supporting optical architecture needed to generate diffraction fringes via coherent optical interference.
Related and Previous Work
In addition to their use in the generation of diffraction fringe patterns for dynamic holographic displays, techniques for computer-generated holography (CGH) have been utilized for physically fabricated holographic optical elements and display holograms. Techniques for fabricating CGHs include electron-beam lithography and optical dot-matrix lithography. 7, 8 Additionally, researchers at Nihon University have demonstrated direct optical writing of CGH patterns displayed on spatial light modulators into permanent photosensitive media for display hologram fabrication. 9, 10 The authors' research group has developed a direct optical CGH fringe writing architecture for PRP-based updatable holographic display. 11, 12 Relative to interference-based holographic stereogram recording techniques, direct writing of holographic fringes offers several advantages to a PRP-based holographic display, including simpler optical architectures, smaller footprint and increased portability, lower cost, and increased affordances in the types of holograms that can be recorded.
Experimental Methods
Our architecture for direct writing of holographic fringes in PRPs encompasses fringe computation, display on spatial light modulators, optical projection and demagnification for transfer to PRP, and spatial multiplexing for large-image recording. An overview of the system process is depicted in Fig. 1 .
Fringe Computation
For the purposes of the current study, fringe computation is performed using the Reconfigurable Image Projection (RIP) hologram algorithm which was originally developed at the MIT Media Lab for video-rate, horizontal parallax-only (HPO) fringe pattern generation. This method produces fringe patterns from computer graphics data and is implemented using shader processing on graphics processing units for real-time computation. This technique has been described in detail elsewhere. 13 At the moment, the computational architecture employs precomputed HPO fringe patterns. Because these fringe patterns have a horizontal resolution that is much greater than what can be displayed on typical spatial light modulators, the fringe patterns are horizontally segmented into a series of elemental fringe patterns suitable for display on such an SLM. This process is depicted in Fig. 2. 
Fringe Transfer and Total Hologram Rastering
Direct writing of holographic fringes into the PRP material involves demagnification and transfer of the fringe pattern displayed on a spatial light modulator. The experimental setup is depicted in Figs. 3 and 4 .
A CW beam from a DPSS laser at λ ¼ 532 nm is beamexpanded and collimated. This beam illuminates a liquidcrystal-on-silicon (LCoS) modulator displaying the information corresponding to an elemental fringe pattern. The LCoS module, used in the current study, has been furnished by silicon micro display and has an 8.5 μm pixel pitch and 1920 × 1080 resolution. A polarizing beam-splitter (PBS) is used to operate the LCoS module in an amplitude modulation configuration. The modulated light is then projected into the PRP material by means of a bilaterally telecentric optical system comprised of two cylindrical singlet lenses in a Keplerian telescope configuration. The focal length of the input objective L 1 is f 1 ¼ 250 mm and the focal length of the output objective L 2 is f 2 ¼ 50 mm. This configuration yields a demagnification of 5x. Given the 8.5 μm pixel dimension of the SLM and the 5x demagnification specified by the telescoping optics, the nominal smallest pixel dimension in the optical irradiance distribution arriving at the PRP is 1.7 μm. The PRP used in this experiment has been introduced by researchers at the University of Arizona and Nitto Denko Technical Corporation. 4 The PRP composite has an active layer thickness of 100 μm and is positioned between two indium-tin-oxide-coated glass electrodes. A detailed characterization of the recording and decay dynamics for this PRP has been reported previously. 5 Of interest to the current study is the exposure time that yields 50 percent diffraction efficiency, which has been reported to be 6 s, for an applied writing irradiance of 100 mW∕cm 2 (i.e., exposure energy of 600 mJ∕cm 2 ) for an empirically determined optimum applied voltage. Writing parameters used in the current experiment are listed in Table 1 . The PRP sample is obliquely slanted relative to the optical axis by a projection angle of 35 deg. This oblique projection of the writing beam onto the PRP sample is necessary to induce the space-charge field that enables refractive index modulation via the photorefractive effect.
14 The PRP sample is mounted on a motorized, computer-controlled translation stage that appropriately translates the PRP in between exposures of neighboring elemental fringe patterns.
Note that this optical transfer scheme can be considered to be an afocal projection of the pattern displayed on the SLM. However, because the fringe pattern displayed on the SLM generates information-carrying diffraction orders upon coherent illumination, a demagnified projection of the original fringe pattern is not obtained at all points along the optical axis after the output objective. Careful positioning of the PRP sample at a distance z 3 is required for coherent image synthesis. This condition is elaborated on in Sec. 3.
Phase Space Coherent Imaging Analysis
Our method for direct fringe transfer is best modeled with coherent imaging theory. Analysis of the optical propagation of diffracted fields from fringe patterns through projection optics is further aided by the use of a time-frequency distribution for localization of spatial frequencies as the complex optical field evolves through propagation in freespace and modulation by lenses. In the context of Fourier optics, the Wigner distribution function (WDF) is a useful Simulation geometry for direct optical fringe writing system. Diffraction of primary orders from a generalized holographic grating displayed on the SLM is depicted; higher-order modes of diffraction from the SLM are neglected in this diagram. z 1 is the distance from SLM to the input objective lens, z 2 ¼ f 1 þ f 2 is the distance from the first objective to the second objective, and z 3 is the distance from the second objective to the recording medium at the point of diffracted order re-convergence. W 0 is the WDF at the plane of the SLM, W space-frequency representation of a signal that enables examination of the spatial distribution of spatial frequencies and allows for phase-space operations corresponding to freespace Fresnel propagation, fractional Fourier transformation, or lens-induced phase modulation to be applied via simple transformations. 15, 16 The WDF of a one-dimensional complex optical field distribution UðxÞ is given as
where Wðx; sÞ is the WDF, s is the spatial frequency variable, x 0 is a spatial variable used as an integration reference, and Ã denotes complex conjugation.
The goal of the projection optics, described in Sec. 2, is to transfer the fringe pattern displayed on the SLM to the PRP with a demagnification factor given by the ratio of focal lengths of the lenses used. A mathematical analysis indicates that this demagnified irradiance pattern is synthesized via the re-convergence of diffracted orders from the SLM; this process is depicted in Fig. 5 . This notion is consistent with Abbe's theory of coherent image synthesis. 17, 18 It is possible to analytically derive the distance z 3 after the exit objective at which this convergence occurs (see Appendix A for this derivation). The distance is given as
where z 1 , f 1 , and f 2 are all system distances following the depictions in Figs. 3 and 5. Note that this condition holds for any given input pattern regardless of what or how many spatial frequency components may be present. Also note that this distance corresponds to the imaging condition dictated by geometrical optics (see Appendix B for this equivalence). Figure 5 also depicts the geometry used here for simulating the evolution of the WDF of a typical diffracted optical field. This evolution is depicted in Fig. 6 for an input fringe pattern corresponding to a simple sinusoidal diffraction grating with Λ ¼ 15 μm, an SLM-L 1 distance of z 1 ¼ 5 cm, and lens parameters identical to those used in the experimental setup. Figure 6 (a) depicts the input WDF W 0 ðx; sÞ corresponding to the sinusoidal grating displayed on the SLM. Note that the spatial frequency corresponding to the grating period is depicted by the top-most and bottom-most energycarrying regions in the WDF at s ¼ AE6.66 × 10 4 m −1 . Freespace propagation and phase transformations by lenses are modeled via Fresnel and thin-lens transformers in phase space and mathematical details are provided in Appendix A. Through a series of these transformations, the output WDF W 3 ðx; sÞ is computed [ Figure 6 (f)] and depicts a spatial scaling of 1∕5x and a spatial frequency scaling of 5x (Λ ¼ 3 μm, s ¼ 3.33 × 10 5 m −1 ) which is exactly that expected for projection through a Keplerian telescope with angular magnifi-
Direct examination of the initial and final signals in the spatial and Fourier domains can further elucidate the behavior of the fringe transfer optics. The optical irradiance distribution in the spatial domain and the energy spectral density distribution in the Fourier domain are given as projections of the Wigner distribution function as follows:
where FðsÞ is the Fourier transform of the optical field UðxÞ. Figure 7 depicts these projections from the initial and final WDFs W 0 ðx; sÞ and W 3 ðx; sÞ and affirms the observations gathered via direct examination of the evolving WDF above.
To validate the notion that coherent image synthesis occurs as expected for an input fringe pattern consisting of an arbitrary summation of several spatial frequencies, the evolution of the WDF of the diffracted optical field from an input linearly spatially chirped grating is depicted in Fig. 8 . All system parameters are identical to those used for the simulation of the grating WDF. Note that the input WDF W 0 ðx; sÞ depicts a spread of energy uniformly across the spectral domain. Through the same series of phase-space transformations corresponding to Fresnel diffraction and thin-lens modulation, the output WDF W 3 ðx; sÞ is computed [ Fig. 8(f) ] and depicts a spatial scaling of 1∕5x and a spatial frequency scaling of 5x relative to the input WDF W 0 ðx; sÞ [ Fig. 8(a) ] for all spatial frequencies present in the original chirped grating.
Experimental Results and Discussion
In order to validate the direct fringe writing architecture and to measure diffraction efficiency, a sinusoidal grating was displayed on the SLM and transferred to the PRP sample using an irradiance of 150 mW∕cm 2 , exposure time of 5 s, and PRP applied voltage of 5.5 kV. Upon readout with a beam from a helium-neon laser at λ ¼ 632.8 nm, a measured first-order diffraction efficiency of 12 percent was observed.
HPO holographic fringes of a teacup model (see Fig. 9 ) were computed using the RIP algorithm and transferred to the PRP sample. Using the writing parameters listed in Table 1 and after total hologram rastering, the resulting holographic image upon readout with beam-expanded and collimated light from a helium-neon laser at λ ¼ 632.8 nm is depicted in Fig. 10 . Note that this image exhibits much higher brightness (diffraction efficiency), longer persistence, better discriminability, and better apparent depth upon reconstruction relative to previous images generated through our direct fringe transfer architecture. However, discrimination of fine features is difficult due to the presence of noise and other artifacts. Because the optical system used for imaging the CGH pattern from the SLM to the PRP is not optimized for high imaged contrast and minimal aberrations, anomalous diffraction due to imperfect imaging is likely a contributing factor in the low contrast in the three-dimensional reconstruction and the large amounts of noise.
Conclusions
Our work on direct fringe writing architectures for PRPbased holographic displays has detailed the benefits, affirmed the feasibility, and examined the challenges of such an approach. While the current work represents a feasibility study, a practical implementation of a direct fringe writing architecture for high-resolution, noise-free, threedimensional image reconstruction will necessitate the use of more sophisticated imaging optics than we have employed here. Additionally, the nominal imaged feature size of 1.7 μm presented here is not sufficiently small for direct viewing with a large viewing angle, therefore, higher demagnification factors are necessary. Higher-quality reconstructed images with wider viewing angles are likely to be obtained with the use of more sophisticated projection optics that can provide higher modulation transfer (i.e., imaged fringe visibility) for the feature sizes of interest (e.g., <1 μm) than the current system can provide. Although we have not demonstrated dynamic updating of holographic images in the current experiment, it should be noted that our architecture for direct fringe writing can readily be employed in a dynamically updated imaging scheme (in lieu of, e.g., the hogel-based approach demonstrated in the University of Arizona's photorefractive holographic display system 6 ). Because the algorithm employed here for fringe pattern generation is capable of driving electro-holographic displays at video rates, the direct fringe writing approach is well-suited for video-rate and PRP-based holographic display systems. However, high update rates will require further improvements in the PRP sensitivity and response time. 14 z 2 1 ¼ Sundeep Jolly holds a BS degree in electrical engineering, a BS degree in physics, and an MS degree in electrical and computer engineering, all from the Georgia Institute of Technology. He also holds an MS degree from the Media Laboratory at the Massachusetts Institute of Technology, where he is currently a PhD student. His research interests include electroholographic 3-D displays, photorefractive materials for holography, and signal processing methods in digital holography.
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